The SecY complex associates with the ribosome to form a protein translocation channel in the bacterial plasma membrane. We have used cryo-electron microscopy and quantitative mass spectrometry to show that a nontranslating E. coli ribosome binds to a single SecY complex. The crystal structure of an archaeal SecY complex was then docked into the electron density maps. In the resulting model, two cytoplasmic loops of SecY extend into the exit tunnel near proteins L23, L29, and L24. The loop between transmembrane helices 8 and 9 interacts with helices H59 and H50 in the large subunit RNA, while the 6/7 loop interacts with H7. We also show that point mutations of basic residues within either loop abolish ribosome binding. We suggest that SecY binds to this primary site on the ribosome and subsequently captures and translocates the nascent chain.
INTRODUCTION
The biosynthesis of secretory proteins requires that they be transported across the plasma membrane in prokaryotes or across the endoplasmic reticulum (ER) membrane in eukaryotes. Transport occurs through a protein-conducting channel formed by a heterotrimer of membrane proteins, called the Sec61 complex in eukaryotes and the SecY complex in prokaryotes (Johnson and Waes, 1999; Osborne et al., 2005) . The heterotrimeric complexes consist of the essential SecY/a and SecE/g subunits and the nonessential SecG/b subunits (Rapoport et al., 1996) . At the beginning of cotranslational translocation, a ribosome-nascent chain complex interacts with the signal recognition particle (SRP) and then binds to the membrane via the SRP receptor (Luirink and Sinning, 2004; Halic et al., 2006) . A SecY or Sec61 complex then binds beneath the ribosome, and the nascent chain is transferred from SRP into the channel. During subsequent chain elongation, secretory proteins move completely through the channel, while transmembrane segments (TMs) of membrane proteins exit through a lateral gate into the lipid phase (Heinrich et al., 2000; Do et al., 1996; Martoglio et al., 1995) .
The crystal structure of an archaeal SecY complex shows that SecY consists of two halves formed by TMs 1-5 and 6-10. These two domains form a lateral gate at the front and are clamped together by SecE at the back. The channel is closed by a short helix, termed the ''plug'' (van den Berg et al., 2004) . During the initiation of translocation, a signal sequence or TM sequence intercalates into the lateral gate and causes the plug to move toward the back of SecY (Tam et al., 2005) . The resulting channel would have an hourglass shape with a ''pore ring'' of hydrophobic amino acid residues at its constriction. Translocating polypeptide chains move through this pore ring, as demonstrated by disulfide bridge crosslinking (Cannon et al., 2005) . The TMs of nascent membrane proteins would then move through the lateral gate into the lipid phase.
The oligomeric state of the SecY or Sec61 complex during translocation is an important issue. Previously, the conduit for a nascent polypeptide was thought to be located at the interface of several SecY or Sec61 molecules. However, the crystal structure of archaeal SecY suggested that a single complex may form the pore (van den Berg et al., 2004) . This is consistent with the observation that a detergent-solubilized translocation intermediate contains a single SecY complex and one substrate molecule (Duong, 2003) , and with the recent demonstration that the signal sequence and mature region of a translocation substrate are contained in the same SecY molecule (Osborne and Rapoport, 2007) . On the other hand, the structure of a programmed ribosome-SecY complex suggested that two SecY molecules are arranged beneath the ribosome such that their lateral gates nearly face each other (Mitra et al., 2005) . Based on this model, the pores in two SecY molecules were proposed to fuse during translocation (Mitra and Frank, 2006) .
In this study, we show that a nontranslating ribosome binds a single copy of the SecY complex in detergent. The crystal structure of an archaeal SecY was then docked into the electron density map. In the resulting model, two loops of SecY extend into a surface depression that encompasses the tunnel exit. The critical role of these loops is supported by specific mutations that abolish ribosome binding. We suggest that SecY binds to this primary site on the ribosome during the initiation of translocation, allowing it to capture the nascent chain from SRP.
RESULTS
The Ribosome-SecY Complex To understand how SecY binds to the ribosome, we determined the 3D structure of a minimal complex consisting of a nontranslating ribosome and SecY. Thus, purified E. coli ribosomes were incubated with an excess of E. coli SecY in the detergent dodecyl-b-D-maltoside (DDM). The complexes were applied to an electron microscopy (EM) grid with a continuous carbon film, blotted, and rapidly frozen (Mé né tret et al., 2000) . A final 3D map of the ribosomeSecY complexes was calculated from $23,000 particles with EMAN (see Table S1 available online; Ludtke et al., 1999) . The resolution of the ribosome and SecY regions of the final map was determined to be 9.6 Å and 17 Å , respectively, using the FSC 0.5 criteria ( Figure S1A) .
A similar disparity in resolution between the ribosome and the channel was observed previously with mammalian complexes (Mé né tret et al., 2005) . We wondered if this difference might be due to the attachment of the particles to a carbon film or to the detergent that was used. Thus, we prepared a second sample of ribosome-SecY complexes in deoxybigCHAP (DBC) and froze the particles over holes in a carbon support film. The final 3D map included $15,600 particles (Table S1 ). However, the resolution of the ribosome (10 Å ) and the SecY complex ($18.8 Å ) was similar to that obtained with complexes imaged on a carbon film ( Figure S1B ). Hence, the disparity in resolution between the ribosome and SecY may be caused by an inherent flexibility of the channel rather than by sample preparation. We also used the multirefine option in EMAN to determine that $70% of the ribosomes contain bound SecY complexes. Importantly, ribosomes without a channel did not markedly affect the features in the final maps.
The final 3D maps were truncated to 16 Å , as the ribosome and SecY are both well represented at this resolution. Surface views of the ribosome-SecY complex imaged on a carbon film are shown in Figures 1A and 1B from the side and bottom, respectively. Similar views are shown in Figures S1C and S1D for the map calculated from particles imaged over holes. In both maps, the SecY density (shown in magenta) is roughly cylindrical and of the right thickness to span a membrane. Small differences in the SecY density may be caused by the different micelle properties of the DDM and DBC detergents. Importantly, both structures contain a well-resolved ribosome, as shown by the unambiguous docking of the atomic model of an E. coli ribosome into the 3D maps (Berk et al., 2006 ; Figure 2 and data not shown).
We found that the SecY density is not coplanar with the channel-docking surface on the large subunit; instead, the angle between the docking surface and the membrane plane is $20
( Figure 1A ). This differs from previous channel structures in which the docking surface and membrane are roughly coplanar (Beckmann et al., 1997 (Beckmann et al., , 2001 Mé né tret et al., 2000 Mé né tret et al., , 2005 Morgan et al., 2002) . In both structures, SecY is linked to the large subunit by three connections that are near the exit tunnel for the nascent chain ( Figures 1C and 1D) . Two of these connections (c1 and c2) are next to each other ( Figure 1C ), while the third connection (c3) is located at the ''back'' and is much broader ( Figure 1D ).
A Monomer of SecY Complex Is Bound to the Ribosome
We next determined the number of SecY complexes that are bound to the ribosome. We chose thresholds based on the fit of the atomic structure of the E. coli ribosome into the 3D maps (Figure 2 and data not shown). The channel density suggested that a single SecY complex may be bound to the ribosome in both structures. To verify this 1:1 ratio, we determined the stoichiometry of the ribosomeSecY complex in DBC by using the AQUA (absolute quantification) method of mass spectrometry (Gerber et al., 2003; Supplemental Data) . In this experiment, an excess of SecY ($10-fold) was added to ribosomes, and the resulting complexes were purified on a sucrose gradient. A quantitative analysis of peak fractions from two experiments shows that ribosomal proteins and the three SecY subunits are present in equimolar amounts (Tables S2 and S3 ). This confirmed our hypothesis that a single SecY complex binds to a nontranslating ribosome in detergent.
The presence of a single SecY and the topology of the connections (see next section) allowed us to place the SecY crystal structure into the two density maps (Figures 1E and 1F) . Extra peripheral density is present in both maps and may be explained by three additional TMs in the E. coli SecY that are absent in the archaeal model (two helices in SecE and one in SecG). Additional density may be contributed by lateral flexibility of the SecY transmembrane region and by the surrounding detergent micelle.
SecY Connections to the Large Ribosomal Subunit
In our structures, SecY is positioned directly over a depression on the surface of the large ribosomal subunit that contains the tunnel exit ( Figure 3A and icon view). In the following, we describe the connections in particles imaged on a carbon film, but the same connections were seen with particles imaged over holes ( Figure S2C ) as well as with complexes consisting of the large ribosomal subunit and SecY (data not shown, Table S1 ). Connections 1 and 2 are formed by rod-like densities that cannot be attributed to the large subunit. We surmise that these rod-like features are tightly bound SecY loops. These features extend into a depression on the docking surface (see circle in icon view, Figure 3A ) and are shown in a slab that removes the transmembrane region of SecY ( Figure 3B , connection density in gold). An overview of the connections between SecY and the large subunit is shown in Figure 3C .
The visibility of a helices and b hairpins in both ribosomal subunits (Figure 2 ) suggested that the rod-like features in the connections are imaged at the resolution of the ribosome ($10 Å ). This allowed us to dock individual SecY loops into these features, and this was also facilitated by the asymmetry of the SecY molecule. First, we placed ahelical extensions of TMs 8 and 9 into the c1 connection. We then docked the less-bulky b strands of the 6/7 loop into connection c2, which has a smaller cross-section ( Figure 3D and inset, Figures S2A and S2B ). Both loops play a crucial role in the binding of Sec61 to the eukaryotic ribosome (Raden et al., 2000; Cheng et al., 2005) and in binding SecY to the bacterial ribosome (see below). This docking required small adjustments at ''hinge points'' where the loops emanate from the transmembrane region of SecY. This is reasonable because the loops adopt different orientations in two crystal structures (van den Berg et al., 2004) . Based on our analysis, side chains of the 6/7 and 8/9 loops could contact proteins L23, L29, and L24, although these interactions are not visible at this resolution. However, major contacts are made to RNA helices in the large subunit.
After docking the SecY model into the map, additional density was seen in connection 1 above the two a helices of the 8/9 loop. This density could be accounted for by reorienting the distal part of the loop and by inserting three additional residues that are present in eubacterial SecY. Hence, we extended the 8/9 loop upwards toward H50 (near nucleotides [nt] 1316 and 1339). The 8/9 loop also interacts with the tip of H59 at the tunnel exit ( Figures 3D  and 3E ), and this interaction causes H59 to be displaced by $5 Å . The distance between H59 (nt 1535) and the loop is $10 Å , and the ascending strand of the 8/9 loop contains at least two basic residues in all species (Lys347 and Lys348 in E. coli). Interestingly, H59 is displaced in a similar way when the M domain of SRP binds to the bacterial ribosome (Schaffitzel et al., 2006) .
In modeling the 6/7 loop, we found that this feature was not long enough to completely fill the density in connection 2. However, a seven-residue insert is present in eubacteria (van den Berg et al., 2004) , and this loop in E. coli SecY contains three arginines (Arg251, Arg255, and Arg256). We modeled this insert as an extension that enters into the tunnel (Figures 3D-3F ). In this position, the insert in the 6/7 loop may contact H7 (near nt 482-492) and H24. Additional density remains that could be explained by a second conformation of the tip of loop 6/7 ( Figure S3 ).
Finally, we observed a broader connection between SecY and L23 (denoted c3). Connection 3 may be partly responsible for the tilted conformation of SecY beneath the ribosome ( Figure 3G ). This feature can be modeled as the cytoplasmic a helix of SecE, which lies flat on the membrane surface. Only small adjustments had to be made in the loop that connects this helix to the TM of SecE. This surface helix contains three moderately conserved residues (Glu78, Arg80, and Lys81 in E. coli; Murphy and Beckwith, 1994) . In the crystal structure, these residues do not interact with SecY (van den Berg et al., 2004) , so their conservation might be explained by a role in ribosome binding.
SecY Loops Required for Ribosome Binding
To test the importance of the 6/7 and 8/9 loops, we mutated positively charged residues in these loops, which could potentially bind rRNA. First, we changed the strongly conserved Arg357 in loop 8/9 to glutamate (R357E). We also made a double mutation in loop 6/7, wherein Arg255 and Arg256 were changed to glutamates. These basic residues in the 6/7 loop are not strictly conserved, but similar residues are present in all SecY homologs. After purification, the proteins were incubated with E. coli ribosomes, and the mixtures were subjected to sucrose gradient centrifugation ( Figure 4A ). Increasing amounts of the ribosomal peak fraction were analyzed by immunoblotting with SecY antibodies and visualized by silver staining ( Figure 4B , top and bottom). We found that SecY complexes with negatively charged residues in the 6/7 or 8/9 loops did not bind to ribosomes (Figure 4B ), while a mutant in loop 2/3 (Glu108Cys) and wild-type SecY both bound to ribosomes. Hence, the 6/7 and 8/9 loops are crucial for ribosome binding in bacteria as they are in eukaryotes (Raden et al., 2000; Cheng et al., 2005) .
The Orientation of SecY beneath the Ribosome
To further investigate the orientation of SecY beneath the ribosome, we employed a tandem SecY complex in which the second SecY could act as a density tag. In these constructs, two SecY molecules were covalently linked by expressing gene fusions, resulting in the C terminus of the first SecY subunit being linked to the N terminus of the second SecY subunit (Tam et al., 2005) . In the final 3D map, the density for the tandem SecY is larger than the corresponding density for a single SecY but is not large enough to encompass a SecY dimer ( Figure 4C ). The additional density is located near the TM segment of the SecE subunit in the docked SecY complex ( Figure 4C ). This is close to where TM1 and TM10 are located, which is consistent with the expectation that the second SecY molecule would be associated with the first molecule at either the N or the C terminus, depending upon which copy binds to the primary site on the ribosome. Hence, the extra density in the tandem SecY map supports our docking of SecY.
When taken together, our data provide a model for the orientation of a single SecY molecule beneath the ribosome ( Figure 4D, left) . However, the position and orientation of SecY in our structure differ significantly from either SecY molecule in the nearly front-to-front dimer model ( Figure 4D , right) recently proposed by Mitra et al. (2005) . The overall positions of the two SecY copies in the Mitra et al. model require significant translations and rotations to superimpose either copy onto the SecY molecule in our structure. In addition, the primary connections in our model are made by loops of the SecY subunit, which are required for stable ribosome binding (Raden et al., 2000; Cheng et al., 2005; this work) . In contrast, a major connection in the model of Mitra et al. (2005) involves SecG, a subunit that is not essential for translocation. Finally, the ribosomal exit site is directly above the SecY molecule in our structure, whereas it is located between two SecY copies in the model of Mitra et al. (Figure 4D , see asterisks).
DISCUSSION
We have shown that nontranslating bacterial ribosomes bind a single SecY complex in detergent. This conclusion is based on our ability to dock a single copy of the archaeal SecY complex into the density maps and on quantitative mass spectrometry, which indicated a molar ratio of $1:1 for the ribosome and SecY. The docking utilized several constraints: the size and position of the SecY density, the placement of key cytoplasmic loops (6/7 and 8/9), the plausible assumption of interactions between the cytoplasmic helix of SecE and the ribosome, and a determination of the likely location of the N and C termini of SecY. As expected from the model, mutations in the 6/7 and 8/9 loops abolished ribosome binding.
In our model, the 6/7 and 8/9 loops of SecY form connections next to L23. The L23 protein is involved in all known interactions at the tunnel exit (Kramer et al., 2002; Ferbitz et al., 2004; Halic et al., 2004; Schaffitzel et al., 2006) . In addition, the 6/7 and 8/9 loops make extensive contacts with RNA helices of the 23S rRNA in a surface depression that encompasses the tunnel exit. Together, these loops fit into the depression like a key in a lock. Intriguingly, the modeled 6/7 loop partially blocks the tunnel exit. Therefore, the 6/7 loop may be displaced to a nearby binding site ( Figure S3 ) in the presence of the nascent chain, or, alternatively, the nascent chain may pass through a narrow region of the tunnel. Importantly, the placement of both loops positions the central pore of the SecY complex in close proximity to the tunnel exit. This would allow a nascent chain to move directly from the ribosome into the translocation pore.
We also found that the angle between the nontranslating bacterial ribosome and the cytoplasmic surface of the SecY monomer is $20
, which creates a rather open junction. Remarkably, this tilted conformation allows the cytoplasmic a helix of SecE to interact with L23. The cytoplasmic helix of SecE is essential for viability of E. coli (Murphy and Beckwith, 1994) , and its interaction with the ribosome suggests a plausible explanation for the conservation of amino acids in this helix. This tilted conformation may facilitate the initial stages of SecY binding and channel assembly. (Mitra et al., 2005) , using our ribosome map to provide a common reference frame. The lateral gates of each monomer in the model of Mitra et al. (2005) face roughly toward the tunnel exit (marked with an asterisk). SecE is shown in red and SecG in dark blue.
Different oligomeric states of ribosome-bound SecY or Sec61 have been reported. Some differences might be explained by the way the complexes were generated. For example, complexes assembled in detergent may contain fewer SecY or Sec61 molecules than those assembled in intact membranes (Beckmann et al., 2001; Mé né tret et al., 2005) . It is also possible that some of the density observed beneath a ribosome is due to bound lipid or detergent. However, the oligomeric state of the SecY or Sec61 complex may also vary in different physiological states. For example, the presence of a translocating chain may increase the number of bound SecY molecules (Mitra et al., 2005) . Finally, there may be differences between prokaryotes and eukaryotes in the stability of channel oligomers. These possibilities are not mutually exclusive and may be reconciled by assuming a stepwise assembly of the channel during translocation.
Based on the data, we propose a model for how the ribosome-channel junction is established during the initiation of protein translocation. The process starts with a cytosolic, ribosome-nascent chain complex with a bound SRP. At this stage, domains of SRP sterically block SecY and Sec61 binding sites on the ribosome (Halic et al., 2004; Schaffitzel et al., 2006) . In the next step, SRP interacts with its membrane receptor, and a central site near the tunnel exit becomes partially exposed (Halic et al., 2006) . This would allow the binding of a SecY or Sec61 molecule through its 6/7 and 8/9 loops to the primary binding site at the ribosome tunnel. The translocating chain would then insert into the channel and SRP would be released from the ribosome. Upon complete detachment of SRP, additional copies of the SecY complex may be recruited to stabilize the ribosome-channel junction (Schaletzky and Rapoport, 2006) .
EXPERIMENTAL PROCEDURES
Preparation of Nontranslating Ribosome-Channel Complexes Bacterial ribosomes were purified from E. coli MRE600 (Clemons et al., 2001) . To purify E. coli SecYEG, a 6xHis-tagged construct was transformed into C43 (DE3) and grown overnight. Twelve liters of LB medium were inoculated with the starter culture, grown to an OD 600 of 0.6 at 37 C, and induced with 2 mg/ml arabinose for 4 hr at 37 C. Frozen cell pellets were resuspended in 240 ml of lysis buffer (20 mM TrisHCl [pH 7.5], 300 mM NaCl, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride [PMSF] ) with EDTA-free protease inhibitor mix (Roche) and lysed by two passages through a microfluidizer (Microfluidics, Co.). Membranes were pelleted (Beckman Ti45; 42000 rpm, 1 hr, 4 C) and resuspended in lysis buffer containing 1% digitonin (DG, Sigma) using a dounce homogenizer. After 2 hr on ice, the debris was pelleted in the Ti45 rotor (30 min, 4 C) and the supernatant was incubated with 10 ml of Ni-NTA-beads for 1 hr at 4 C. The resin was washed in a column with $25 bed volumes of lysis buffer, 1% DG, and 20 mM imidazole.
Bound protein was eluted with 20 mM Tris-HCl (pH 7.5), 100 mM NaCl, 10% glycerol, 300 mM imidazole, and 1% DG. The eluate was concentrated to 10 ml using a Centricon Plus 20 (Millipore), adjusted to 40 mM imidazole, and loaded on a HiTrap HP-SP column (Amersham) (Mori et al., 2002) , R255E/R256E, and E108C were expressed and purified (Cannon et al., 2005) . Approximately 5 pmol of each SecY complex was incubated with 5 pmol of purified E. coli ribosomes in 50 mM HEPES-KOH (pH 7.5), 100 mM KOAc, 10 mM Mg(OAc) 2 , and 0.05% DDM for 30 min on ice. The sample was subjected to sucrose gradient centrifugation in the same buffer (Schaletzky and Rapoport, 2006) . The ribosomal peak fraction was identified by A 260 , then analyzed by SDS-PAGE with silver staining and by immunoblotting with HM318 directed against the SecY subunit (Cannon et al., 2005) .
Cryo-Electron Microscopy and Image Processing
The ribosome-SecY complexes were prepared by mixing ribosomes (4 uM) with an 8-fold excess of SecY ($32 uM) and then incubating them on ice for $30 min. The samples were then loaded onto continuous or perforated carbon films on 400 mesh copper grids. The specimens were plunge frozen in liquid ethane (Mé né tret et al., 2000) , and data collection was done on a Tecnai TF20 with KODAK SO163 film. Electron micrographs were recorded at 200 kV at 50,0003, and the defocus range was À1.0 to À2.5 mm (Mé né tret et al., 2005) . Negatives of the ribosome-SecY complexes were digitized on a CreoScitex EVERSMART scanner using a 4.54 mm raster and binned three times to 2.73 Å /pixel. Particles were picked with boxer in EMAN (Ludtke et al., 1999) and binned 2 3 2 for the initial alignment cycles (until $15 Å resolution). For higher resolution, particle images with 2.73 Å / pixel were used. During refinement in EMAN, the usefilt, dfilt, and setsf options were used (Ludtke et al., 2004) . In some cases (Table S1 ), a final set of refinement cycles was done using the sep = 3 option, which allows particles to be members of three neighboring classes. When combined with angular oversampling, this approach can improve the quality of the reconstruction in some cases without reducing the resolution of the final map. In addition, a classification approach in EMAN was used to estimate the overall occupancy of SecY in the particles used for the EM analysis. Thus, the multirefine option was used to refine the data set against two volumes, one with and one without a SecY density. We found an occupancy of $70% for SecY in complexes imaged on a carbon film or over holes. This could be due to a number of factors during specimen preparation including interactions with the carbon film, interactions with the air-buffer interface, and changes in salt concentration. The final maps were essentially unchanged after the computational sorting, but the global resolution was $1 Å lower. We combined the resulting 70S-SecY data ($39,000 particles) and processed them in EMAN with a new refinement option (dfilt2). The global resolution of this map was $8.9 Å . Importantly, the rod-like features of the c1 and c2 connections were clearly resolved in this map but with some blurring of the density for the tips of the loops. This blurring was likely due to real differences in the two specimens. Hence, we used the original structures from the individual specimens in our analyses and in making the figures.
To obtain a wider range of views of the large subunit-SecY complexes, we tilted the EM grids by $30 and collected images using spot scanning on the Tecnai F-20. Micrographs were divided into six equal regions parallel to the tilt axis. The average defocus corresponding to each region was determined and the defocus gradient was established. Each particle was assigned a defocus according to its position on the defocus ramp. The particles were then organized into defocus groups and each group was processed as if it were a single micrograph in EMAN. The resolution of the final maps was calculated with the eotest option. In addition, ''even'' and ''odd'' volumes were separated with qsegment into ribosome and channel subvolumes to determine the resolution of each component with an FSC calculation. This process did not introduce any artifacts, as the determined resolution for the ribosome and the parent complex were essentially identical. The threshold representing 100% of the ribosomal volume was chosen on the basis of calculated partial specific volumes and the known mass of ribosomal protein and RNA. The 100% volume used in this work was $3.3 3 10 6 Å 3 for the E. coli ribosomes. The final threshold was then adjusted interactively after docking appropriate atomic models of the subunits into each map. Subunits from an E. coli ribosome crystal structure (2I2P, 2I2T; Berk et al., 2006) and parts of the L1 stalk (2J03; Selmer et al., 2006) were docked into the maps of the bacterial complexes manually in ''O'' (Jones et al., 1991) and refined as a rigid body using RsRef (Fabiola and Chapman, 2005) . The final 3D volumes were segmented with EMAN and Chimera (Goddard et al., 2005) , and figures were made using Chimera and Adobe PhotoShop.
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